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We report initial results of a new method for obtaining mass spectra of involatile compounds:
laser desorption electron attachment time-of-flight mass spectrometry. With this approach,
laser desorbed neutral molecules are entrained in a molecular beam and subsequently ionized
by low energy electron attachment. Mass analysis is carried out by a linear time-of-flight. We
present a description of the apparatus and a number of examples of our early results on: van
der Waals condensates of SF6, Fullerenes, derivatized Fullerenes, perfluorinated polyethers,
polyphenylethers, and 5-bromouracil. (J Am Soc Mass Spectrom 2001, 12, 1339–1347) © 2001
American Society for Mass Spectrometry
The improving ability to obtain mass spectra oflow pressure materials by, for example, matrixassisted laser desorption (MALDI), electrospray
(ESI), and fast atom bombardment (FAB) ionization has
contributed significantly to research in biology and
materials chemistry. Still there are many classes of
important compounds for which mass spectrometry is
not possible and the dominant methodologies still suf-
fer some significant problems. Parent ion fragmentation
and lack of ionization are common difficulties encoun-
tered. Furthermore, MALDI, ESI, and FAB are often
difficult to use for quantitative analysis of mixtures, as
interferences between components due to competition
for charge can be severe [1–4].
For these reasons and others, there have been sub-
stantial efforts to desorb neutral molecules and ionize
them with laser light (laser desorption post ionization
or LDPI) [5–18]. Compared to the methods above, this
approach offers many potential advantages including:
increased sensitivity, selectivity, quantitation, mass res-
olution, and suppression of parent ion fragmentation.
Empirically, laser ionization has met with limitations,
particularly regarding the ability to ionize large mole-
cules. One theory that has been put forward to explain
this effect relates to the ability of large molecules to
recapture photoelectrons [12]. It is argued that photo-
electron recapture may become ubiquitous for mole-
cules beyond a certain size, setting an upper mass limit
to photoionization. On the other hand, one might argue
that an electron is easily lost from a chromophore at or
near the exterior surface of a large molecule, and in fact,
successful attempts have been made to tag macromol-
ecules with end group chromophores [17]. It has also
been shown that fragmentation in the desorption step
can be the size-limiting factor in some cases [16, 18, 19].
It seems, however, unlikely that this is the rule, as the
current MALDI instruments can routinely desorb mol-
ecules of very high masses, and as fragile molecules as
double stranded DNA of close to 1000 bp (600,000 u)
have successfully been desorbed and detected [20].
What the actual reason is for the loss of sensitivity with
increasing mass in LDPI experiments is still unclear.
In this paper we introduce a new approach to laser
desorption postionization of involatile compounds: la-
ser desorption electron attachment time-of-flight mass
spectrometry (LD-EA-TOF-MS). We laser-desorb the
molecules of interest in the presence of a high pressure
carrier gas, and subsequently expand the analyte/
carrier gas mixture to form a cold molecular beam. The
predominantly neutral beam is then ionized by attach-
ment of low energy electrons. The negatively charged
ions, formed upon electron attachment, are then mass
analyzed with a linear TOF-MS perpendicular to the
molecular beam. Initial results presented here give
evidence that the ionization method is gentle, allowing
detection of unstable molecules entrained in a molecu-
lar beam. Further, we report production and detection
of ions that are near the high mass limit of what has
previously been reported by laser desorption postion-
ization methods. This supports the assumption that
electron attachment is a very suitable postionization
method for large molecules. Finally, as the method
relies on vaporization of neutrals it holds the promise of
greater quantitative utility than existing methods. In the
following sections we describe the instrumentation,
provide some examples of mass spectra obtained thus
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far and discuss their significance with regard to this
method.
Experimental
Figure 1 shows a diagram of the LD-EA-TOF mass
spectrometer. A pulsed molecular beam containing a
mixture of the analyte and carrier gas is formed with a
General Valve, (Fairfield, USA) emitting into a stainless
steel vacuum chamber evacuated by a 1100 L/s turbo-
molecular pump (Osaka Vacuum, Osaka, Japan). Ana-
lyte is introduced into the carrier gas using laser (sec-
ond or third harmonic of Nd:YAG, 1–2 mJ/[0.5 mm]2)
desorption from a solid probe that sits inside a small
preexpansion chamber attached to the nose of the
general valve. The solid probe is a rotatable stainless
steel rod that can be removed from the machine
through a gate valve/antechamber design that allows
the machine to remain under vacuum while samples are
being changed. The general valve produces a pulse of
gas lasting about 250 s. The laser desorbed material
entrained in the beam appears in a pulse lasting less
than 40 s when measured 14 cm downstream. The
gaseous neutral sample passes through an electro-
formed skimmer (Molecular Beam Dynamics, Eden
Prairie, USA) and enters a second chamber pumped by
a 400 L/s turbo-molecular pump (Osaka Vacuum). The
beam passes between the repellor and first extractor of
a two-stage Wiley-McLaren linear TOF mass spectrom-
eter [21], where it is ionized by electron capture. At this
point the spatial width of the molecular beam is about
2 mm.
A continuous electron beam is generated from a
heated Tantalum disk-filament (Kimball Physics, Wil-
ton, USA) and mildly focused with an electron-lens
stack in-line with the TOF axis of the mass spectrome-
ter. The electron beam then enters the ion source
through the repellor (90% transmission Cu wire mesh).
Initially, the potentials applied to the repellor and first
extractor are adjusted to reverse the electron beam at
the position of the molecular beam. This reversal elec-
tron attachment scheme has been described in detail by
Chutjian and co-workers [22, 23] within the context of
mass spectrometries other than TOF and provides an
elegant approach to the production of low energy
electrons.
Negative ions formed between the meshes as well as
electrons are extracted out of the ion source with high
voltage pulses applied to the repellor and extractor
using home made high voltage switches (Behlke Elec-
tronic GmbH, Kronberg, Germany). The ions are then
accelerated into a field free flight tube held at a large
positive voltage reaching high kinetic energy (for this
work 22,750 Volts was typical) in the flight tube. At a
suitable delay time while the ions of interest are con-
tained within the flight tube, another high speed, high
voltage switch brings the flight tube and all it contains
Figure 1. The LD-EA-TOF-MS. A pulsed Nd:YAG laser desorbs involatile compounds into the throat
of a pulsed molecular beam. The expansion of the molecular beam cools the sample and carries it into
a reversal electron capture ionization region. At a suitable delay time the negative ions formed in the
source are extracted, whereas the flight tube is held at a large positive voltage to help accelerate the
negative ions. While the ions are in the flight tube it is switched to ground. The detector, a rectangular
15 mm x 140 mm -sphere plate, is mounted on a linear motion feed-through. The line between the
ion source and detector represents a Simion simulation for a 300,000 u ion at an acceleration voltage
of 45 kV.
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to ground potential, so that the high kinetic energy ions
emerge from the flight tube at ground potential.
The ions then fly through a cylindrical ion lens that
can also serve as a high pass mass filter and impact a
rectangular (15 mm  140 mm) -sphere plate (El-Mul
Technologies, Yavne, Israel). The -sphere plate is sus-
pended from a linear UHV manipulator, whose trans-
lation axis is perpendicular to the flight tube. The
combination of high ion energy and large movable
detector used in this instrument makes it possible to
detect high mass ions. Simion modeling suggests that
detection of m/z 300,000 is possible with this instru-
ment.
The amplified current produced by the -sphere
plate is collected and passed through a high pass
electrical filter to a 150 MHz digitizing oscilloscope with
10-bit resolution (Lecroy 9430, Lecroy Corporation,
Chestnut Ridge, USA) where signal averaging is per-
formed. Alternatively, data can be accumulated in an
ion counting mode using a multichannel scaler (Turbo-
MCS, EG&G-Ortec, Oak Ridge, USA). The data is
transferred to a PC where it is analyzed. Mass calibra-
tion is performed by choosing two mass features, cal-
culating their isotopic average mass using the Mercury
software of Orden and Rockwood [24] and fitting the
data to the simple theoretical formulae:
  0  m. (1)
In the following sections we provide examples of mass
spectra obtainable with this apparatus, providing a
good idea about some of the strengths of this approach.
Results and Discussion
EA-TOF Mass Spectra of SF6
Sulfur hexafluoride is undoubtedly the most exten-
sively studied compound with regard to electron cap-
ture. See for example [25–28]. It is therefore well suited
to aid in characterizing some aspects of the instrument
performance. Figure 2 shows one of the first EA-TOF
mass spectra that we have recorded. The mass spectrum
was obtained by expanding a beam of pure SF6 through
the pulsed valve. One can see that the strongest feature
is the parent ion, SF6
. About 200 times weaker, the
dissociative attachment product SF5
 appears. The SF6

formation proceeds through a narrow resonance close
to 0 eV, whereas the dissociative attachment, forming
SF5
 occurs through a resonance centered at 0.45 eV.
The ratio of the room temperature cross sections at the
peak of the resonance energies is about 15:1 in favor of
nondissociative attachment [26]. Based on this, we may
estimate the ratio of electrons with a kinetic energy of
less than 0.1 eV to electrons with kinetic energy of about
0.4 eV to be 9:1. This is consistent with classical trajec-
tory calculations of electron motion that we have car-
ried out during the design stage of the apparatus.
From this data one may also begin to appreciate the
harmonious marriage of electron attachment and TOF-
MS. The formation of parent ions by electron attach-
ment produces anions with more than enough energy
to auto-detach. Yet our results reveal a mass spectrum
dominated by parent ions. This initially anti-intuitive
result is easily understood in terms of auto-detachment
lifetimes. Indeed, it is well known that SF6
 loses an
electron in the time frame of 10–50 s [29]. For many
kinds of mass spectrometry, long periods of time are
required to obtain a mass spectrum and the lifetime of
the ions play a major role. However, for TOF-MS the
lifetime only has to exceed the acceleration time. Even if
the anions were to auto-detach or dissociate in the field
free flight tube, the high kinetic energy neutrals and/or
ionic fragments would be observed as the parent mass.
In our setup the extraction time for an ion of 70,000 u, at
an acceleration voltage of 23 kV is about 9 s. Conse-
quently, one can see that we are able to observe these
large parent ions if their lifetime does exceed 10 s.
For smaller ions and higher acceleration voltage the
required lifetime is correspondingly shorter.
EA-TOF Mass Spectra of SF6 Condensates
Figure 3 shows an example of EA-TOF-MS of van der
Waals clusters providing a clear example of the gentle
nature of the electron attachment ionization approach.
In these experiments we expanded 165 psi of a 10% SF6
mixture in Argon. The mass spectrum is reported as
cluster number, m/(146.054*z) and we are able to see
condensates as large as the 550-mer (80,300 u). There are
several interesting things that can be learned from this
mass spectrum.
First, the data demonstrate the gentle nature of the
electron attachment ionization method. For example,
unlike electron impact ionization where SF5
(SF6)n ions
are produced [30, 31], we observe no intramolecular
Figure 2. EA-TOF mass spectrum of SF6. Mass range from
110–140 u is enhanced by a factor of 100. The relative product
intensities can be used to characterize the energy distribution of
the electron beam (see text).
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bond rupture throughout the whole mass range. In
addition to the absence of SF bond cleavage in the mass
spectrum, it appears that there is limited fragmentation
of the intermolecular van der Waals bonds in the SF6
condensate. The evidence for this is the clearly observ-
able oscillation in the intensity, which can be shown to
result from patterns of geometrical shell closings [32].
Such patterns have been observed for more strongly
bound aggregates, for example Aluminum clusters and
reveal fundamental structural information about the
packing of the condensate [33]. Our ability to observe
these crystalline packing patterns in SF6 condensates
reflects the nascent population distribution of the neu-
tral SF6 cluster beam.
These data also demonstrate clearly the ability of the
apparatus to perform at high mass. The inset of Figure
3 shows the high mass region expanded to a more easily
viewable scale. Here, the thin line is the raw data, the
thick line is a mild Fourier Transform smooth to the raw
data and the vertical lines show the theoretical mass of
each successive cluster. In addition, centered at 74049.4
u, the theoretical isotope distribution of the 507-mer is
displayed.
Another advantage of this mass spectrometer is the
ease of mass calibration at high mass. The mass spec-
trum of Figure 3 was calibrated by a two point calibra-
tion using the maximum of the isotope distribution as
calculated for the 59- and the 120-mer, hence at much
lower masses. There can be no question but that we
clearly observe and resolve the arrival times of the
(SF6)n
 in this size range, i.e., 74000 u. Quantitative
analysis of the data reveals that the mass resolution
m/m is about 850 in this region. We can also evaluate
the absolute mass accuracy based on averaging the
differences between the observed and calculated peak
positions for a number of mass features around the
507-mer. This analysis reveals that the mass accuracy is
better than 200 ppm.
This example also gives the means of roughly
estimating the sensitivity of the technique over a wide
mass range. We use the electron capture rates for (SF6)n
(n  7) from high n-Rydberg states of Xe [34] and
Figure 3. Electron capture TOF mass spectrum of SF6 condensates. Actual mass may be obtained by
multiplying the cluster number by 146.054. The largest clusters observed in these experiments exhibit
a mass in excess of 80,000 u. Oscillations in the ion signal intensity result from formations of
geometrical shells in the neutral clusters. The inset expands the region from 71,000–76000 u. Thin line
is the raw data. Thick line is a mild Fourier Transform smooth to the raw data. Vertical lines are the
theoretical mass of each clusters. The peak centered at 74049.4 u is the calculated isotope distribution
for the 507-mer.
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assume that this reflects the size dependency of the
capture rates for free electrons. This trend in the cross
section as a function of cluster size is then normalized to
the electron capture cross section of the monomer [35].
Furthermore we assume that the cluster size depen-
dence of the electron capture asymptotically reaches an
n2/3 dependence as would be expected for the geomet-
rical cross section of spherically growing clusters [36,
37]. The relative cross sections obtained in this way are
used in combination with our mass spectra to estimate
the neutral cluster distribution in the beam. The molec-
ular beam density is then estimated by the pressure
rises in the machine and the known pumping speeds,
assuming an r2 Cos2 spatial distribution. The results
of this estimation suggest that the signal observed as
(SF6)188 represents about 3  10
18 mole within the
ionization region. While this is still a rather strong
signal, we estimate the detection limit at about 100
times smaller than this 1020 mole for large SF6 clusters.
Though this is only a ballpark figure and should be
taken as such, it still gives a fair idea of the sensitivity
range of this instrument.
LD-EA-TOF Mass Spectra of Fullerenes
Fullerenes are known to efficiently capture electrons
[38–45] and come therefore quickly to mind as candi-
dates for laser desorption electron attachment experi-
ments. For these experiments a small amount of com-
mercial (Aldrich) fullerenes were dissolved in toluene
or xylene. The sample was applied to the solid probe
rod and solvent was allowed to evaporate in air. The
sample rod was placed in the sample inlet vacuum
antechamber and evacuated to lower than 105 torr
with a 110 L/s turbomolecular pump (Osaka vacuum).
After opening a gate valve separating the antechamber
from the expansion chamber, the sample rod was
inserted through the preexpansion volume mounted on
the nose of the General valve.2 mJ of either 532 nm or
355 nm light was used to desorb the sample and entrain
it in the molecular beam.
Figure 4 shows an LD-EA-TOF mass spectrum of
commercial fullerenes. One can clearly see a distribu-
tion of fullerenes reflecting the mixture delivered by the
manufacturer. In particular C70 is a major component.
The lot number obtained for these examples was ana-
lyzed by the manufacturer and reported to contain 22%
C70. Using the mass spectral intensities directly we see
that the apparent mixing ratio (C60:C70) is 65:35. This
suggests that C70 possesses a larger electron capture
cross section than C60, a supposition that is supported
by analysis of negative ion chemical ionization mass
spectra of gaseous samples of fullerenes [45]. These
authors concluded that the electron capture cross sec-
tion for C70 is about 2.5 times larger than that of C60.
Smith and Spanel [40] have reported the most rigor-
ous attempt to determine the absolute electron attach-
ment cross sections for C60 and C70 as a function of
electron energy. From this work it was concluded that
C60 attachment proceeds by an electron p-wave with a
barrier of 0.25 eV and that C70 attachment can proceed
by s- and p-wave attachment. Under our condition,
where the electron energy distribution is centered sub-
stantially below 0.4 eV and the fullerene molecules are
cooled by molecular beam expansion, enhanced C70
attachment by s-wave electrons might explain the ob-
served higher detection sensitivity for C70. Our obser-
vations certainly appear consistent with this postulate.
While mass spectrometry of fullerenes is far from
new, this example does point out some of the interest-
ing aspects of LD-EA-TOF-MS regarding quantitative
intensity information. Clearly in LD-EA-TOF-MS, the
method is subject to differences in detectivity between
constituents of a mixture, but due to the fact that we
detect neutrals, interferences between mixture compo-
nents do not appear to be as important. Furthermore,
the differences in detectivity reflect fundamental phys-
ical properties of the analyte molecules, properties that
are subject to measurement or even theoretical calcula-
tion.
Matrix Assisted LD-EA-TOF-MS of Diels-Alder
Adducts of Fullerenes
One important application for any mass spectrometry is
its use in identifying the parent ion of new compounds
produced in chemical synthesis. A good example of
such an application is the analysis of Diels-Alder ad-
ducts. We have been most fortunate to obtain a number
of Diels-Alder condensates (including Compound 1,
courtesy of Professor Yves Rubin and his group) for
analysis with LD-EA-TOF-MS.
Such a compound is particularly problematic for
analysis by mass spectrometry because of fragmenta-
tion in the mass spectrometer results in peaks that
mimic the reactants. In this case, detection of the
Figure 4. LD-EA-TOF mass spectrum of commercial fullerenes.
The intensity pattern reflect differences in electron capture cross
section and mixing ratio of the constituents.
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reaction product requires (as is often the case) observa-
tion of the parent ion.
Figure 5 shows an example of the mass spectrum of
Compound 1. For this experiment, the sample was
codissolved with retinoic acid (1:10) in xylenes and
applied to the metal sample probe. Laser desorption of
the dried sample was then performed and EA-TOF
mass spectra were obtained. The mass spectrum is
remarkably simple. Important to note is the clearly
discernible parent ion mass feature. An absolute mass
determination was performed for all of the observed
features in the mass spectrum by calibrating the instru-
ment in a separate experiment with commercial
fullerenes (mC60  720.0 u, mC70  840.0 u). The
comparison between measured and theoretical masses
for all of the ions is very good. The parent ion and both
retro Diels-Alder fragment ions are identified, as is a
trace impurity of C70. The matrix background peak at
299.4 u is identified as the retinoate anion (M  H)
whose theoretical mass is 299.45 u.
LD-EA-TOF Mass Spectra of Low Vapor Pressure
Oils
To evaluate the performance for high-mass involatile
molecules we have recorded mass spectra of a number
of commercially available oils and lubricants. We have
found that the LD-EA-TOF-MS is generally well suited
for the analysis of those compounds. Figure 6 shows the
LD-EA-TOF mass spectrum of SantoVac-5 oil, a com-
monly used diffusion pump oil. A thin layer of the oil
was painted on the sample rod and desorbed by the
third harmonic of the Nd:YAG (355 nm) and ionized by
electron capture. This five ring polyphenyl ether has an
isotopically averaged mass of 446.51 u. Despite its low
mass, it exhibits a vapor pressure of 5  1010 torr.
This can be easily understood from its LD-EA-TOF
mass spectrum, which appears as a series of cluster
peaks extending out to the 20-mer (8390.2 u). Peaks in
the data were fitted to Gaussian functions and the
baseline was fitted to a spline function. In this way the
areas and mass center of each mass spectral feature
could be calculated precisely. A comparison of the
observed mass to the theoretical mass is shown in Table
Compound 1
Figure 5. MALD-EA-TOF-MS of derivatized Fullerene (1). The
parent ion, Compound 1, is observed at 1110.95 u and the retro
Diels-Alder products at 720.13 and 390.2 u. Further, the retinoate
anion from the matrix (theoretical mass  299.45 u) and trace
impurity of C70 are seen. The absolute mass determinations are
shown along with theoretical masses in parentheses.
Figure 6. LD-EA-TOF-MS of SantoVac-5 Oil. Observed is a
distribution of van der Waals clusters of the polyphenylether. The
top panel shows the raw mass spectrum. Each peak in the data
was fitted to a Gaussian function and the baseline was fitted to a
spline function. In this way the areas and masses can be derived
with best accuracy. These are shown as the stick spectrum in the
lower panel. The triangles indicate the expected positions of
repeat units for the noncovalently bounds aggregates of this
polyphenylether. The average mass is calculated from the stick
spectrum.
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1. The progression of peaks clearly consists of intact
monomers, demonstrating noncovalently bound clus-
ters.
Figure 7 shows results of a similar experiment per-
formed on Demnum S20, a linear perfluorinated poly-
ether of the type CF3CF2CF2–O–(CF2CF2CF2O)n–
CF2CF3. We observe two families of mass features
spaced by 50 u clearly representing ions containing one
or the other of the two end groups. The average mass of
this polymer mixture is stated by the manufacturer to
be about 2000 u. The average mass obtained from the
mass spectra by integrating the area under the peaks is
1322 u. That the average mass we measure is higher
than 1/2 the expected average mass is consistent with
one C™O bond being broken randomly along the chain,
if the electron preferably stays with the larger frag-
ments. However that might be, decreasing the power of
the desorption laser has no noticeable influence on the
mass spectra. We therefore conclude that the electron
capture ionization of this perfluorinated polyethers
takes place via dissociative electron attachment, and the
fragmentation is not a result of the desorption process.
To further test the versatility of LD-EA-TOF to
characterize oil mixtures, we acquired spectra of
DC705, pentaphenyltrimethyltrisiloxane based diffu-
sion pump oil. We find this silicon oil to readily attach
electrons, resulting in mass spectra showing a distribu-
tion of peaks extending to 7000 u with a maximum
about 2000 u (not shown here).
Detection of Biological Molecules
One of the most important potential applications of the
LD-EA-TOF-MS is detection of biological molecules. In
order to begin work in this direction and to start with
material for which electron attachment mass spectro-
metry has already been reported, we chose 5-bromou-
racil for initial experimentation. A solution of 5-bro-
mouracil (99% purity, Sigma Aldrich, Saint Louis, USA)
was dried on the sample rod and desorbed by 355 nm
light as above. Ar carrier was used to cool the analyte
before ionization.
Figure 8 shows the resulting LD-EA-TOF mass spec-
trum. The doublets in the mass spectrum result from
the two abundant 79,81Br isotopes. Mass calibration
using fullerenes enabled mass determinations of the
observed ions, from which assignments of the features
of the mass spectrum were unambiguous. As can easily
be seen, the spectrum is dominated by the parent ion
Br appearing with about one tenth the intensity.
Recently, EA-MS of 5-bromouracil was reported [46]
and the dissociative and nondissociative attachment
channels were studied as a function of electron energy.
The highest probability electron attachment channels all
proceed through a zero energy resonance leading pre-
dominantly to the formation of Br. The observed







1339.42 1339.53 7.90572E-5 3
1785.95 1786.04 4.5289E-5 4
2233.22 2232.55 3.02295E-4 5
2679.67 2679.06 2.28416E-4 6
3126.55 3125.57 3.15537E-4 7
3573.07 3572.08 2.79251E-4 8
4019.53 4018.59 2.35689E-4 9
4465.84 4465.1 1.66757E-4 10
4912.31 4911.61 1.42543E-4 11
5357.67 5358.12 8.2125E-5 12
5804.72 5804.63 1.60993E-5 13
6252.01 6251.14 1.39329E-4 14
6698.52 6697.65 1.31309E-4 15
7145.43 7144.16 1.77848E-4 16
7592.84 7590.67 2.86144E-4 17
8039.46 8037.18 2.84613E-4 18
8488.55 8483.69 5.73126E-4 19
8939.16 8930.2 0.001 20
Figure 7. LD-EA-TOF-MS of Demnum S20. Here Ionization
occurs by dissociative electron attachment. The two families of
peaks in the mass spectrum correspond to fragment ions contain-
ing the two different end groups of this polymer.
Figure 8. LD-EA-TOF-MS of 5-bromo-uracil. The inverted Stick
spectrum is the theoretically calculated mass spectrum. Note the
predominant observation of the parent ion.
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parent ion signal was five times weaker than Br. Ten
times smaller yet was the ion signal corresponding to Br
loss from the parent ion.
The results obtained in this work show that the
LD-EA-TOF approach can efficiently quench normally
rapid dissociative pathways, enhancing the detection of
parent ions. There are three possible explanations for
the large differences between this work and that of
Abdoul-Carime et al. [46]. First, in this work laser
desorption is combined with molecular beam cooling to
form gas-phase 5-bromouracil with little internal en-
ergy. In contrast Abdoul-Carime et al. used a heated
sample oven at 150 °C to bring the sample into the
gas-phase. It is well known that molecular beam cooling
can lead to reduced ion fragmentation both in electron
attachment [47, 48] and photoionization mass spectro-
metry [49]. A second mechanism by which molecular
beam cooling may lead to enhanced parent ion forma-
tion is rapid evaporative cooling [47, 48, 50]. There is
convincing evidence that photoionization and electron
attachment to clusters can be followed by rapid evapo-
ration of the cluster, leaving an internally cold parent
ion below the energetic threshold to dissociation. Fur-
ther study will be needed to clearly identify which of
these two beam cooling mechanisms is the more impor-
tant.
In addition to the effects of molecular beams, the
time scales of the experiment also differ in a way that
favors parent ion detection in the LD-EA-TOF mass
spectrum. For this experiment, fragmentation will only
be seen if it occurs in less than 4 s, i.e., before
entering the field free region. In contrast, Abdoul-
Carime et al. used a quadrupole mass filter with a
transmission time of about 100 s. This means that
parent ions that dissociate in less than about 100 s
would not be observed.
Future Improvements
With this paper we have tried to provide a potpourri of
results from a new method of mass spectrometry. The
initial experiments appear quite promising, though it is
clear that much work is needed to fully reach the
potential of this new method. There are many straight-
forward improvements that can be made to enhance
mass resolution, mass accuracy, and sensitivity, all of
which will increase the utility of this approach for many
applications.
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